The positional preferences of the twenty amino-acid residues in a phospholipid bilayer are investigated by calculating the solvation free energy of the corresponding side chain analogues using a five-slab continuum electrostatic model. The side-chain analogues of the aromatic residues tryptophan and tyrosine are found to partition in the head-group region, due to compensation between the increase of the non-polar component of the solvation free energy at the boundary with the aqueous region and the decrease in the electrostatic component. The side chain analogue of phenylalanine differs from the other aromatic molecules by being able to partition in both the head-group region and the membrane core. This finding is consistent with experimental findings of the position of phenylalanine in membrane helices. Interestingly, the charged sidechain analogues of arginine and lysine are shown to prefer the head-group region in an orientation that allows the charged moiety to interact with the aqueous layer. The orientation adopted is similar to the "snorkelling" effect seen in lysine and arginine residues in membrane helices. In contrast, the preference of the charged side-chain analogues of histidine (protonated) and aspartate (deprotonated) for the aqueous layer is shown to be due to a steep decrease in the electrostatic component of the solvation free energy at the boundary to the aqueous region. The calculations allow an understanding of the origins of side chain positioning in membranes and are thus useful in understanding membrane-protein:lipid thermodynamics.
Introduction
The structure and topology of membrane proteins is determined by interactions of the membrane-bound peptides with each other, the lipid bilayer and water molecules [1, 2] . Differences between protein-water and protein-lipid interactions give rise to different positional preferences of the various amino-acid residues, some preferring the aqueous phase, some the head group region and others the membrane core. Positional preferences in amino-acid distributions have been found in the analysis of experimental data on membrane proteins [3] [4] [5] . Positional preferences have also been seen in studies on a number of model synthetic peptides [6] [7] [8] [9] [10] [11] [12] and side-chain analogues [13, 14] . Systematic analysis of partition profiles of amino acids (and amino acid analogues) as a function of the depth of membrane insertion has been carried out using a number of approaches, including experimental [15] , bioinformatic [16] and theoretical [17] [18] [19] [20] [21] [22] [23] methods.
As expected from their physico-chemical properties, non-polar aliphatic residues, namely alanine, valine, leucine, valine and methionine, have the strongest positional preference for the membrane core. It has been seen that there is a strong correlation between the hydrophobicity scales and the propensity of a given residue to be present in the hydrocarbon region [3] [4] [5] [6] [7] 24, 25] . The non-polar residues that partition in the membrane core also have a high propensity to occur in the head-group region of the membrane, though the preference for the head-group region is lowered compared to the membrane core [3] . The aromatic residues tryptophan and tyrosine interact with the headgroup region, often at the level of the lipid carbonyl groups, [9, 13] and are often seen as flanking residues of transmembrane segment [26] . The amino-acid phenylalanine differs from the other aromatic residues and may be present both in the membrane core and the head-group region [24] . The head group region is also enriched in polar residues i.e. serine, threonine, cysteine, histidine, glycine and proline [24] . The basic amino-acid residues lysine and arginine also interact with phospholipid head-groups at the level of the phosphate group [4, [11] [12] [13] [14] . In the bilayer, these residues may "snorkel" out and reach into the lipid head-group region even when positioned in the membrane core [24, 27] . In contrast, the acidic polar amino-acid residues, such as aspartate and glutamate, are rarely present within the membrane and, if present, are usually buried inside helical bundles [3, 4, 28] .
An increasing number of theoretical studies focus on the partitioning behavior of amino-acid residues. The positional preference of indole for the head group region has been reproduced by an implicit model [29] and was shown to be due to preferable interaction of the indole π-electron cloud with the lipid head groups [30, 31] . The partitioning behavior of all amino-acid residues has also been examined with generalized-Born models [17, 22] and with molecular dynamics simulations [21, 32] . Molecular dynamics simulations of model hydrophobic peptides containing polar amino-acid residues at defined positions [18, 22, 33] have provided partition profiles similar to the biological scale [15] . Advances in this field have led to developments of databases such as the OPM database that provides spatial arrangements of membrane proteins with respect to the hydrocarbon core of the lipid bilayer [34] .
Although the above studies reproduce reasonably well the positioning of the amino-acids in membranes, the energetics and the driving forces of the partitioning behavior are less well understood. The elucidation and decomposition of the driving forces of the partitioning behavior using a theoretical model would allow a fundamental understanding of lipid-peptide interactions and provide a step in the direction of membrane protein structure prediction. In this paper, the energetics of the positional preferences of the twenty amino-acid residues in the membrane are investigated via calculation and analysis of the solvation free energy of the corresponding sidechain analogues using the Poisson-Boltzmann equation. Side-chain analogues, rather than the amino-acid residues themselves, are studied to avoid backbone effects which differ between free amino acids and those bound in secondary structural elements. A five-slab implicit membrane model that distinguishes between the membrane head-group region, membrane core and the aqueous region is used. This five-slab model has been previously used by the authors to understand the orientations [35] and macromolecular electrostatics [36] of membrane helices. The method is extended here to include a non-polar energy cost in the head-group region. Simple electrostatic models, such as the one used here, have the advantage to be tractable by a human mind, while all-atom simulations are often difficult to understand and to dissect. The experimental positional preference of all amino-acid residues is reproduced by the calculations. The partitioning of the tryptophan and tyrosine residues in the headgroup region is analyzed, and the reason for the reduced affinity of phenylalanine for the head-group region is elucidated. The "snorkelling" effect of lysine is also examined and shown to be influenced by side-chain orientation. The results obtained here, allow a deeper understanding of lipid-peptide interactions.
Methods
The free energy ΔG solv for transferring the molecule from vacuum into a given position and orientation in the membrane [37] is computed and the most probable position of a membrane-bound molecule is determined by its minimum. The solvation energy is calculated as described below, using an all-atom model for the molecule embedded in a five-slab continuum dielectric membrane model.
The five-slab membrane model
In the model, the biological membrane is represented implicitly by five continuum dielectric slabs as shown in Fig. 1 . The model is an extension of a similar model that has been used previously to understand orientations of membrane helices [35] . The unique feature of the model is the distinction between the solvent, head-group and core regions. The outermost slabs correspond to the bulk aqueous phase, and the innermost slab corresponds to the membrane core. The two slabs in between correspond to the lipid head-group regions of the membrane.
The outermost slabs of the model, i.e., those representing the aqueous phase, are assigned a relative dielectric constant of 80, corresponding to the high polarity of bulk water. The thickness of the aqueous slabs is allowed to vary with the desired system size. The innermost slab is comprised of the non-polar long-chain fatty acids with a relative dielectric constant of 2 [38, 39] . A typical width of the core region is 25 Å (c.f. Fig. 1 ). The head-group region is heterogeneous with varying fractions of phosphatidylethanolamines, phosphatidylserines, phosphatidylcholines, sphingomyelin, glycolipids and cholesterol. Estimates of the dielectric constant of the head-group region have yielded varying results depending in part on the lipid moieties present [38] [39] [40] [41] [42] [43] . However, the polarity of the head-group region in phosphatidylcholine and phosphatidylserine bilayers has been found to be intermediate between that of bulk water and the bilayer core [42, 43] . A value of 10 for the dielectric constant for the head-group slab has been found to accurately reproduce experimental studies of adsorption of small molecules into the head-group region [41] . In the present case, a dielectric constant of 10 was used with a slab width of 8 Å. The reasonableness of this value was tested by varying the dielectric constant between 8-18 for three test cases, namely butane, imidazolium and indole. The maximum deviation in ΔG solv with respect to the value at ∈ = 10, was found to be less than 3%.
Calculation of solvation free energy
ΔG solv was calculated according to the thermodynamic cycle shown in Fig. 2 . ΔG solv is a sum of two contributions:
where ΔG elec is the electrostatic component of the solvation free energy which arises from the polarization of the environment and ΔG np is the non-polar component of the solvation free energy which arises from the cost to form a cavity in the solvent. ΔG elec is the electrostatic energy required to transfer the molecule from vacuum to a given position in the membrane. It is given by the difference of the energy required to charge the molecule in the membrane ΔG elec mem and in vacuum ΔG elec vac :
ΔG elec mem and ΔG elec vac can be calculated from:
ϕ i can be obtained numerically by solving the linear PoissonBoltzmann equation relating the variation in the electrostatic potential ϕ to the spatially dependent dielectric permittivity ∈(r) and the spatial distribution of point charges q i . The finite difference method [44] implemented in the CHARMM [45] software package (version 30b1) was used. The ionic strength was set to 0.15 M. The electrostatic potentials were calculated using the focussing technique on a grid with spacing 1.0 Å, 0.5 Å and 0.25 Å. In all calculations, The membrane is represented as three slabs corresponding to the two head-group regions and the core region. The head-group region is modelled as a 8 Å slab on either side of the low dielectric core region. The two outer slabs correspond to bulk water. The dielectric constants assigned to the regions are shown in the figure. the distance between the grid boundaries and the molecular surface was set to at least 15 Å. The atomic radii of the atom types were taken as the calculated Born radii [46] . A cardinal b-spline was used for distributing charges over the grid points. The temperature was set to 300 K and no membrane potential was applied. The electrostatic potentials in the membrane environment and in vacuum (∈ = 1) were calculated. The corresponding solvation free energies of the system in the membrane ΔG elec mem and in vacuum ΔG elec vac were computed from these potentials using Eq. (3). ΔG np is the non-polar component of the solvation free energy, often referred to as the cost of cavity formation. It has been found to be linearly proportional to the solvent-accessible surface area of the molecules [47] . Here, ΔG np is calculated as the sum of two components -the non-polar free energy contribution in water ΔG np aq and the non-polar free energy contribution in the head-group region ΔG np hg .
The aqueous component ΔG np aq is given by:
where A aq is the water-accessible surface area of the molecule in the aqueous phase and γ aq and b aq are constants. The proportionality constant γ aq is referred to as the "surface tension coefficient" and represents the contribution to the solvation free energy per unit surface area [48, 49] . The constant b aq is the free energy of hydration for a point solute i.e., for which A aq =0.
The values used are γ aq = 2.78 × 10 − 2 kcal/mol Å 2 and b aq = −1.71 kcal/mol and were derived from the partitioning of alkanes between liquid alkane and water [48] . Thus, the non-polar interactions between the lipid and the solute molecule are considered implicitly. [53] implemented in the CHARMM software package. A probe sphere of radius 1.4 Å was used in all calculations.
Model construction
The side chain analogues studied here and the corresponding amino-acid residues are listed in Table 1 . All-atom models of the side chain analogues were constructed from the CHARMM parameter set [45] . The parameters for ethylammonium and butylammonium were constructed from the parameters of methylammonium and lysine. The molecules were positioned along the membrane normal and ΔG solv was calculated. The depth of membrane insertion v was calculated as the distance of the center of mass of the molecule from the center of the membrane. The results are presented for the orientation in which the molecules are perpendicular to the membrane normal to best fit the side chain orientations in membrane peptides. Further orientations, such as snorkelling effects in lysine, are discussed where appropriate.
Results
The most favorable position for a molecule in a membrane is that with minimum solvation free energy. The solvation free energies of twenty two side-chain analogues (corresponding to the twenty amino acids) listed in Table 1 were calculated as a function of distance along the membrane normal. For the discussion of the results, the molecules are grouped together as aliphatic alkanes, aromatic non-polar, aliphatic substituted (containing N, S or O), and polar molecules. The implications for the positioning of the corresponding amino-acid residues in membrane peptides and proteins, such as anchoring residues, are also discussed. 
Why do we study side-chain analogues?
In the five-slab membrane model, the free energy minimum for ethane, the side-chain analogue of alanine, lies in the membrane core, consistent with experimental and bioinformatic studies on the partitioning of this amino-acid (Fig. 3) . In contrast, the partitioning behavior of the entire amino-acid alanine with blocked, charged, or no termini is substantially different and the free energy minimum shifts to the head-group region. The difference arises mainly due to the unscreened partial charges on the backbone that increase the polarity of the system. Amino-acid residues in membrane proteins are, however, usually embedded in secondary-structural elements such as transmembrane helices and sheets. The hydrogen bonds in the secondary structural elements effectively neutralize the backbone partial charges. Interestingly, the partitioning behavior of the alanine in membrane proteins is reproduced in calculations in which the partial charges on the backbone atoms are set to zero. In fact, the partition profiles of the side-chain analogue and the amino-acid with zeroed backbone charges are similar and consistent with bioinformatic and experimental partitioning data on alanine residues in membrane proteins. These profiles point to the fact that partitioning in membrane proteins is dictated by the side-chain partitioning and the role of the backbone atoms is negligible. Therefore, we focus in the rest of the study on side-chain analogues.
Like favors like: aliphatic residues partition in the membrane core
The most favorable position for the aliphatic, non-polar side-chain analogues is in the membrane region as expected from their physicochemical properties. ΔG solv vs. the distance v from the center of the membrane is plotted in Fig. 4 for butane (carbon chain parallel to the membrane plane), the side chain analogue of isoleucine. The value of ΔG solv is small in the membrane and increases sharply when the molecule enters the aqueous region, due to the increase of ΔG np . The decrease of ΔG elec when the molecule moves from the core to the head-group region is balanced by an increase of ΔG np resulting in a marginal increase in free energy on entering the membrane headgroup region. Though the propensities of the non-polar residues to be present in the membrane core are high, their decreased preference for the head-group region is not seen in this model. The other aliphatic, non-polar side-chain analogues such as ethane, propane and isobutane show similar ΔG solv profiles and also partition in the membrane. This corresponds to the positioning of the residues alanine, valine and leucine in the membrane.
Why are membrane interfaces enriched in aromatic residues?
The side-chain analogues of the aromatic amino acid residues tryptophan, tyrosine and phenylalanine studied here are indole, phenol and benzene, respectively. Indole was placed with the ring plane parallel to the membrane normal, corresponding to its preferred orientation [14] . A diagram for ΔG solv vs. the distance v from the center of the membrane for indole is shown in Fig. 5A . ΔG solv has a distinct minimum in the head-group region and the energy difference between the head-group region and the membrane core is about 6 kcal/mol. The energy minimum in the head-group region is caused by the interplay between ΔG elec and ΔG np . ΔG elec favors polar environments while ΔG np opposes entering the aqueous layer. The strong decrease of ΔG elec on moving from the membrane center to the head-group region is not cancelled by the increase in ΔG np , which becomes significant only in the aqueous phase. The present result of indole partitioning in the head-group region agrees with NMR measurements also showing that indole partitions into the headgroup region of lipid bilayers [13, 14] . However, since the lipid molecules are not represented at atomic detail in the model, the specific interactions of indole with the choline moiety cannot be reproduced and the resulting bimodal distribution of indole in the head-group seen in the NMR study, is not reproduced.
ΔG solv vs. the distance, v from the center of the membrane for phenol (parallel to membrane normal) is depicted in Fig. 5B . This plot shows a profile similar to that of indole with a distinct energy minimum in the head-group region. The energy profile for the orientation where the aromatic ring is in the plane of the membrane is similar. The minimum for phenol is deeper than that of indole due to its greater polarity. Thus, both tyrosine and tryptophan residues occupy preferentially the head group region.
How does phenylalanine differ from the other aromatic residues?
Benzene exhibits a small decrease (about 3 kcal/mol) in energy on entering the head-group region from the membrane core (Fig. 5C) . The decreased polarity of benzene compared to phenol and indole accounts for the shallower energy minimum in the head-group region. Due to the small energy difference between the membrane core and head-group region, phenylalanine residues may occur in both regions. ΔG solv of two orientations of benzene are plotted in Fig. 5C : the ring plane parallel (dashed line) and perpendicular (bold line) to the membrane plane. When placed with the aromatic ring perpendicular to the membrane plane, the energy cost in the region of the head-group region close to the aqueous phase increases, since part of the molecule enters the aqueous region. Furthermore, in contrast to phenol and indole, the solvation free energy of benzene in the aqueous phase is higher than in the membrane core. The decreased polarity of benzene compared to indole and phenol leads to a small negative value of ΔG elec that cannot compensate the ΔG np in the aqueous phase leading to a ΔG solv that is higher in the aqueous medium than in the membrane core.
3.5. Glycine and proline partition in the head-group region Acetyl-prolineamide was chosen as the side-chain analogue of proline. The glycine molecule is calculated per se. These two molecules differ from the other studied molecules since both the backbone carbonyl and amide groups are present. The energy minimum of these two molecules is in the head-group region ( Fig. 6 and Supplementary Fig. 1 ). Prolineamide, another side-chain analogue of proline, does not contain the acetyl group on the ring nitrogen. However, the energy profile for this molecule is similar to acetylprolineamide and the energy minimum lies in the head-group region. Setting the back-bone charges to zero changes the depth of the minimum but not its position ( Fig. 6 and Supplementary Fig. 1 ).
Sulphur-containing residues show varied partitioning behavior
The sulphur containing residues methionine and cysteine are modelled by ethylmethylsulphide and methanethiol, respectively. In addition, the deprotonated methanethiolate, which represents cysteine in a basic environment, is also examined. The free energies of ethylmethylsulphide (carbon chain lying in the membrane plane) in the membrane core and the head-group are the same (Fig. 7) . The calculated energy profile reproduces the preference of methionine for the membrane region calculated in other studies [3, 24] . The gain in ΔG elec only marginally compensates the unfavorable ΔG np as the molecule traverses from the membrane core to a more polar region, thereby allowing partitioning in both the membrane core and headgroup region at room temperature. Methanethiol (carbon-sulphur bond is in the membrane plane) shows an energy profile with a minimum in the head-group region (Supplementary Fig. 2A ). Thus, cysteine residues have a preference for the head-group region. Upon deprotonation, the energy profile of the methanethiolate ion changes and the energy minimum shifts to the aqueous layer (Supplementary Fig. 2B ). 
Hydroxyl-containing residues partition in the head-group region
The two alcohols studied, ethanol and propanol, are the side-chain analogues of serine and threonine, respectively. Two orientations are examined for these molecules: the hydroxyl group parallel and perpendicular to the membrane normal. The energy profile for ethanol (hydroxyl group perpendicular to membrane normal) shows an energy minimum in the head-group region (Supplementary Figure 3A) . The energy minimum for ethanol in the other orientation (hydroxyl group parallel to membrane normal) also lies in the head-group region. Propanol also has an energy minimum in the head-group region (Supplementary Figure 3B) in the orientation in which the hydroxyl group is parallel to membrane normal. In this orientation, propanol exhibits an additional dip in the energy profile when the molecule is at the interface between the head-group region and the aqueous layer due to the favorable interactions of the carbonyl chain with the membrane and the hydroxyl group with the aqueous layer. The energy minimum for ethanol in the other orientation (hydroxyl group perpendicular to membrane normal) also lies in the head-group region with no additional stabilization. Fig. 8A shows ΔG solv vs. the distance v from the center of the membrane for the neutral imidazole molecule. The energy minimum lies in the head-group region and arises from the interplay between ΔG elec and ΔG np , similar to the case of the indole molecule above. In contrast, the protonated molecule (imidazolium) prefers the aqueous region (Fig. 8B) . The reason for this preference is that ΔG elec decreases very rapidly when a charged molecule enters the aqueous phase, and this decrease cannot be compensated by ΔG np .
Histidine partitioning is protonation state dependent

Positively-charged lysine can be favored in the membrane core
The role of lysine in positioning membrane helices has been extensively discussed [54, 55] . Here, we study two side-chain analogues -ethylammonium and butylammonium. Fig. 9A shows the ΔG solv vs. the distance v from the center of the membrane for three orientations of the molecule with the amine group in the plane of the membrane (bold), tilted at 45°(dashed) and placed along the membrane normal (broken line). When the amine group lies in the membrane plane the energy minimum is in the aqueous layer. Tilting of the charged amine group decreases the energy in the head-group region, and when the amine group points along the membrane normal, the head-group region is stabilized further. In the membrane normal orientation, the energy in the membrane core is lowered considerably due to reaction field stabilization of the charged amine group. Butylammonium has a longer carbon chain and shows similar energy profiles (Fig. 9B) : the aqueous layer is preferred for the orientation in which the amide group lies in the membrane plane, tilting the amide group towards the interface stabilizes the molecule in the head-group region and aligning the amide group along the membrane normaland towards the outside considerably increases the preference for the head-group region. Further, the positions inside the membrane core in which the butylammonium molecule "snorkels" into the head-group region are also stabilized. Thus, the longer carbon chain of butylammonium promotes "snorkelling" of the molecule. However, at the interface of the membrane core and head-group region, only one state is energetically favorable imposing an entropic penalty. Therefore, we suggest that lysine may partition between aqueous and head-group region depending on the orientation of the C α -C β bond [24, 27] .
The additional methyl group allows arginine to snorkel
Two side-chain analogues are studied for arginine: guanidinium (without the C β of the amino-acid residue) and methylguanidinium. The two molecules differ in the presence or absence of a methyl group attached to one of the nitrogen atoms. Fig. 10A shows ΔG solv vs. the distance v from the center of the membrane for guanidinium when placed in the membrane plane. The energy minimum is in the aqueous region. Interestingly, on the addition of the methyl group the energy minimum shifts to the head-group region (Fig. 10B) . This shift is caused by the increase in the solvent-accessible surface area due to the additional methyl group and thus a corresponding increase in ΔG np and ΔG solv in the aqueous layer. In transmembrane segments, arginine shows a similar behavior and prefers the head-group region [4, 24] .
3.11. Negatively-charged amino-acid residues prefer the aqueous phase Acetamide, the side-chain analogue of asparagine, partitions in the head-group region ( Supplementary Fig. 4 ). The uncharged acetic acid (protonated) also partitions in the head-group region (Fig. 11A) . Upon deprotonation, the free energy minimum of the acetate ion (side chain analogue of aspartic acid) shifts to the aqueous layer (Fig. 11B ).
Discussion
Comparison to solvation and transfer free energies
ΔG solv calculated here for the aqueous phase and membrane core, agrees well with experimental [56] and theoretical [57] estimates of the solvation free energies of side-chain analogues in water and organic solvents, respectively. The measured cyclohexane-water transfer free energy [58] also shows a good correlation (correlation coefficient of 0.8) to the transfer free energy between membrane core and water calculated using the five-slab model (see the correlation plot in Supplementary Fig. 5A ).
At the membrane interface, the energetics of amino-acid residues has been compared to an octanol environment [25, 59] . The trend of the transfer free energies from water to octanol and the difference in energy between water and the head-group region match well. The White-Wimley membrane interface scale [25] , which is similar to the octanol scale, also shows a good correlation with our results (Supplementary Fig. 5B) .
A biological scale [15] derived from translocon-aided membrane insertion studies gives an estimate of the energetics of positioning amino-acid residues in the center of a transmembrane helix. In the study, the degree of membrane insertion of designed polypeptides is quantified and related to an apparent free energy of insertion of the amino-acid residue studied. When normalized to the insertion energy of alanine, the biological scale shows a correlation of 0.8 with the calculated transfer free energy between membrane core and water ( Supplementary Fig. 5C ). However, the slope of the un-normalized curve is quite low. One reason for the low slope is the systematically high deviation of the energies of the charged residues in the implicit model since we cannot consider the protonation/deprotonation cycle ΔG solv as a function of the distance v from the center of the membrane for butylammonium (lysine analogue). The energies of three orientations of the molecule are shown: the amine group in the plane of the membrane (-), the amine group tilted 45°(---) and the amine group placed along the membrane normal (-·-). The membrane core, membrane head-group and aqueous regions are marked.
but consider the protonated/deprotonated species individually. Furthermore, in the biological scale, membrane insertion is also dependent on factors such as aggregation both within and outside the membrane, variable depths of insertion and tilting of the transmembrane domains, that may increase the entropy of the system but might not be relevant in the partitioning of side-chains in membrane proteins. Due to the differences in the two systems and different factors that dictate partitioning behavior, a slope of less than one is not surprising, although there is a high correlation.
Comparison with partition profiles
Positional effects were seen in the biological scale on placing the residues further outwards in the helix that match the present results. A quantitative analysis is more challenging since the peptides studied simultaneously place two amino-acid residues symmetrically away from the center, corresponding to partitioning in both leaflets of the bilayer. Also, the maximum residue separation analyzed is 17 aminoacid residues, corresponding to the membrane core-head-group region interface (considering ideal helices), thus representing only a part of the partition profile.
Profiles calculated by statistical analysis of crystallographic data approaches such as analyzing the occurrence of a residue at a given location in a helix [16] , also show similar patterns to those calculated here. A comparison between the calculations presented and positions most-favored in the PDB is given in Table 2 . In almost all cases, the position calculated here corresponds to the position seen in structural data. The favored position of the aliphatic residues is the membrane core in both studies, though the preference for the headgroup region is increased in our study compared to the PDB distribution. The aromatic residues all partition in the head-group region in our calculations. Phenylalanine also has a high probability to be in the membrane core in our model, consistent with PDB distributions. The substituted residues such as serine, threonine and cysteine partition in the head-group region in the five-slab model though they were considered to be scattered throughout in the membrane in the bioinformatics study. However, investigation of the actual data suggests that serine and threonine indeed have a higher propensity in the head-group region. In membrane proteins, proline is seen to be mostly present outside the membrane although here the head-group region is calculated to be energetically favored. The role of proline as a "helix breaker" could be responsible for its less frequent occurrence within transmembrane helices than predicted from the present solvation free energy model. Surprisingly, the most-frequent position of lysine in membrane proteins is outside the membrane though its role as a helix anchor in the head-group region is well documented [4, 11, 12, 24] . Our model identifies both the solvent-exposed and head-group positional preferences and elucidates how different orientations of lysine are stabilized in different environments.
The profiles calculated by a related five-slab generalized Born model match the current study closely [17] . However, a radius correction was needed in Ref [17] to match the energetics of the smaller molecules that do not pack well in the membrane. No such correction was required in the present study. The main difference with the generalized Born models is in the partitioning of the charged residues arginine and lysine. In contrast to experimental studies [4, 11, 12, 24] and our calculated partition profiles, the stabilization in the head-group region seen in the generalized Born studies was negligibly small.
It is possible that a simpler model, such as generalized Born, cannot reproduce the fine balance between the electrostatic and nonpolar energies that allows arginine and lysine to snorkel. The Table 2 Comparison of the most-favoured positions of side-chain residues in the membrane by the five-slab model, atomistic simulations [21] and bio-informatic studies [16] [18, 19, 21] . Permeation of small organic molecules such as benzene, acetic acid, acetamide and methanol through the membrane has been calculated by molecular dynamics simulations with an explicit DPPC membrane [19] . The energy profiles of the molecules have generally similar shapes and preferred positions as in the current study.
The partition profile of arginine has been recently examined by calculating the free energy profile for a protonated arginine sidechain residue situated at different positions along a transmembrane helix [18] . A difference of 17 kcal/mol was calculated between the aqueous phase and the membrane core, compared to about 22 kcal/ mol in the present study. These values are similar, although the calculation in Ref. [18] includes the transmembrane helix. Further, membrane defects and inclusion of water molecules around arginine, neither of which are explicitly included in a five-slab model (but see below), were shown to stabilize the arginine at positions within the membrane core.
A recent umbrella sampling study of amino acids also calculated partitioning of amino-acid analogues in a dioleylphosphatidylcholine (DOPC) membrane [21] . The calculated energy costs are again of the same order of magnitude to those calculated here and the minimumenergy positions coincide for most residues (Table 2 ). Large water defects are seen for polar residues such as arginine and the authors remark that due to this, membranes should not be viewed as static low dielectric slabs. However, water incursions within the headgroup region can be seen as part of the mechanisms increasing the head group dielectric constant relative to the membrane interior. Further, considering the membrane as static slabs of variable dielectric, as in the current study, does seem to enable the partitioning behavior of side chains in membranes to be accurately reproduced.
Insights into partitioning of side-chains in membrane proteins
The simplicity of the five-slab membrane model allows the understanding of the key energetics that dictate partitioning behavior of amino-acid residues in membrane proteins. Comparison of the different energy terms gives a direct understanding of the costs and penalties at different positions in the membrane for a variety of side chain analogues. The partitioning behavior of the amino-acids can be understood in terms of a trade-off between ΔG elec and ΔG np . Partitioning of the aliphatic hydrophobic and the small, charged residues in the membrane core and aqueous regions, respectively, is due to a comparatively unfavorable ΔG np in the aqueous region for the aliphatic residues and highly favorable ΔG elec for the small, charged residues. For the aliphatic substituted residues (containing N, S or O), the trade-off between ΔG elec and ΔG np imposes the head-group region as being most favorable. For less polar residues, however, such as methionine, only marginal compensation occurs, leading to both the membrane core and the head-group region being accessible. The reaction field of the aqueous region also contributes to the ΔG elec and ΔG np balance, allowing the partitioning of the bulky, charged residues in the head-group region.
Comparisons between residues can also help understand differences of partitioning behavior of related molecules. Partitioning behavior of tryptophan and tyrosine is very easily seen to be due to a trade-off between the electrostatic and non-polar effects. Comparison with phenylalanine shows that the electrostatic gain in the polar head-group and aqueous region is much less, thereby leading to accessibility of even the membrane core region. Comparison of related side-chain analogues, such as guanidinium and methyl guanidinium, highlights how the addition of a single methyl group can increase the non-polar contribution and allow even charged arginine residues to partition in the head-group region. Similarly, it is easily seen that even shorter lysine analogues, such as ethylammonium can partition in the head-group region. However, to lower the energy at the interface of the membrane core and head-group region, the additional alkyl group are necessary.
The protonation state of amino-acid residues in membrane proteins has been recently discussed [60, 61] . The comprehensive study presented here also points to the feasibility of using such models for studies such as pKa calculations for amino-acid residues in membrane proteins. The model would also allow a fast screening method for calculating drug partitioning behavior in membranes and for scoring membrane protein associations.
Conclusions
The present continuum electrostatic approach uses a five-slab membrane model to determine the partitioning of various side-chain analogues in biological membranes. The solvation free energies of twenty-two side chain analogues have been calculated and shown to reproduce well the experimentally-determined positioning of the corresponding amino-acid side chains in membranes. The most favored position of the side-chain analogues in the membrane is found to coincide with the position of highest occurrence of the corresponding amino-acid residue in membrane proteins.
The results presented here help understand the energetics of side chain positioning in membrane proteins. The preference of hydrophobic residues for the membrane core is shown to arise from the higher non-polar cost on entering a more polar region compared to the electrostatic gain. This effect determines the positioning of alanine, leucine, isoleucine and valine in the membrane core. The inclusion of a small non-polar cost in the head-group region results in an increase in ΔG solv in the head-group region relative to the membrane core.
The side-chain analogues of tryptophan and tyrosine prefer the head-group region. In contrast, the preference of the side-chain analogue of phenylalanine for the head-group region is substantially reduced relative to the membrane core. The energy minima for the residues glycine and proline are also shown to lie in the headgroup region. The side-chain analogue of methionine favors the membrane core, whereas that of cysteine prefers the head-group region, due to the higher polarity of the -SH group of cysteine compared to the -SMe in methionine. The side-chain analogues of serine and threonine are also found to partition into the head-group region. These results are consistent with the statistical distribution of amino acid residues in membrane proteins.
Small charged residues, such as the imidazolium and acetate ions (side-chain analogues of histidine and aspartic acid respectively), favor the aqueous layer. The acetate ion is seen to partition in the aqueous phase whereas acetamide (side-chain analogue of asparagine) partitions in the head-group region. Larger molecules, such as methyl-guanidinium, are also seen to partition in the head-group region whereas guanidinium prefers the aqueous layer. Thus, net charge is insufficient to guarantee partitioning into the aqueous phase. Butylammonium is seen to favor the head-group region if placed along the membrane normal. In this orientation, the charged moiety is stabilized by the reaction field whereas the methyl groups may interact with a region of lower polarity. This behavior corresponds to the snorkelling seen in lysine residues.
The present work demonstrates that a relatively simple electrostatic model together with a surface term is able to reproduce and facilitates the understanding of the experimentally-observed distribution of amino-acids in the membrane. The balance between the electrostatic term and the surface term is essential for obtaining the correct distributions. An understanding of the physical basis for the behavior of amino-acid residues in biological membranes is a prerequisite for successfully predicting membrane protein structures and membrane protein interactions and future developments of models such as that introduced here will be directed towards these goals.
